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OPERATION OF THE J-SERIES THRUSTER USING INERT GAS 
Vincent K. Rawlin 


National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 


ABSTRACT 

Electron bonk>ar<lment ion thrusters using inert gases 
are candidates for Large Space Systems. The J- 
Series 30 cm diameter thruster, designed for opera- 
tion up to 3 kW with mercury, has been developed to 
a state of technology readiness. This paper com- 
pares the chdracteri sties of operation with xenon, 
krypton, and argon propellants in a J-Series 
thruster with that obtained with mercury. Tne per- 
formance of the discharge chamber, ion optics, and 
neutralizer; the overall efficiency as functions of 
input power and specific impulse; and thruster 
lifetime were evaluated. As expected, the dis- 
charge chamber performance with inert gases 
decreased with decreasing atomic mass. In addi- 
tion, aspects of the J-series thruster design which 
would require modification to provide operation at 
high power with inert gases were identified. 

INTRODUCTION 

Electron bombardment ion thrusters using inert gases 
are being considered for Large Space Systems (LSS). 
Inert gas propellants are of interest because they: 

(1) provide some performance benefits (such as near 
instantaneous startup and simplified power prjces- 
sing) which are important for LSS applications; 

(2) they are noncontaminating and ncnreactive with 
space system elements which should simplify inte- 
gration with the Space Transportation System (STS) 
and LSS; and (3) they are nontoxic and nonreactive 
with biosphere constituents which should minimize 
ecological concerns relative to other space pro- 
pulsion concepts. 

Because thruster performance strongly impacts the 
trip time and power requirements of potential mis- 
sions, experimental programs were intiated to in- 
vestigate the operation of thrusters using inert 
gases. The J-Series 30 cm diameter electron bom- 
bardment ion thruster, designed for operation up to 
3 kW with mercury propellant, h^s been developed to 
a state of technology readiness^*'. It has under- 
gone extensive performance characterization, vibra- 
tion, thermal, and endurance testing, and has been 
integrated into a propulsion module with the power 
processor and propellant tank. It was, therefore, 
of Interest to determine the performance of inert 
gas propellants with the highly developed J-5eries 
thruster and what modifications would be necessary 
to provioe operation at high power with inert gases. 
Knowledge of that performance and those modifica- 
tions will allow an assessment of the desirability 
of proceeding with thruster designs that promise 
improved performance'^*^^ or lifetime. 

The performance of other hollow cathode, electron 
bombardment ion thrusters, operated with propellants 
other than mercury or cesium, has been reported. A 
15 cm diameter Space Electric Rocket Test (SERT) 
Il-type thruster was tested with xenon, krypton, 
argon, nitrogen, neon, helium, and carbon dioxide^^' 


and Kaufman and his co-workers have reported results 
from their Inert gas ion thruster technology pro- 
gramw). Operation of a divergent field 30 cm 
diameter ion thruster using argon and xenon was 
presented in reference 6. The expected propulsion 
system performance characteristics for LSS using 
ion thrusters were analyzed in references T and 8. 
Recently, Sovey'^J reported improved performance 
of an argon ion thruster which utilized a type of 
plasma containment different from that of the SERT 
II and J-Series thrusters. In addition, several 
companion papers present the operation of inert gas 
ion thrusters which vary in diameter from 5 cm to 
30 cm (references 9-15). 

This paper presents the results of a brief test 
program to provide performance data and Information 
of the modifications required of the J-Series 
thruster operated on xenon, krypton, and argon. 

APPARATUS 

Thruster 

The thruster used for the tests, repoi'ted herein, 
was a 30 cm diameter mercury ion thruster built by 
Hughes Research Laboratories (HRL) and designated 
SN-J8. The thruster was fabricated and acceptance 
tested at HRL, as described in reference 16, and 
delivered to NASA Lewis Research C^Qt^r (LeRC). It 
was operated with mercury at LeRC'*^^ for about 
400 hours prior to testing with inert gases. 

The ior. optics system is basically a pair of 0.38 mm 
thick molybdenum plates perforated with matching 
apertures over an area with a 28.3 cm diameter. 

The upstream or screen grid has 1.9 mm diameter 
holes and the downstream or accelerator grid has 
1.14 mm diameter holes. The open area fractions of 
the screen and accelerator grids are 0.67 and 0.24, 
respectively. The cold grid-to-grid spacing is 
0.5 mm. The thruster was modified, in several 
ways, for operation with inert gases. First, it 
was anticipated that cathode and neutralizer pro- 
pellant flow rates, with inert gases, might be much 
higher than those with mercury. Therefore, direct 
lines, without the porous tungsten vaporizers, were 
run from the gas supply to each cathode. The main 
vaporizer was retained, but the isolator was not 
stressed with high voltage during the test. The 
gas supply feed lines were grounded and electrically 
isolated from the thruster by one meter lengths of 
plastic tubing. In accoimodating the neutralizer 
gas supply line change, the neutralizer cathode was 
located outward one cm from its normal position. 

The only other modification to the thruster was the 
use of a single piece 4.1 cm diameter magnetic 
baffle for some of the tests instead of the stan- 
card three piece tantalum clad 5.6 cm diameter 
baffle. 

Facility 

The thruster was operated in a 4,6 m diameter by 
19.2 m long vacuum tank. The base pressure, without 
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propellant gas flow, was about 3 x 10~^ Pa 
(2 X 10“® torr) after 24 hours of pumping. 

During thruster operation, the pressure varied 
between 1 and 7 x 10~^ Pa (1 and 5 x 10”^ torr). 

Power Supplies 

60 hertz input laboratory power supplies were used. 
The two cathode heaters were powered with alter- 
nating current while the discharge, magnetic baffle, 
and two keeper supplies had full wave, single phase, 
rectified outputs. The discharge supply had a 100 
V-100 amp outp t and was operated in the current 
limited mode. The screen and accelerator high 
voltage supplies were of a high capacity, three 
phase, full wave bridge rectifier design. 

Propellant Feed System 

The inert gases used were research grade (> 99.99 
.■'ercent purity). The main, cathode, and neutral- 
izer flow rates are measurements of the propellant 
supplied to the discharge chamber volume (usually 
the major portion of the total flow rate), the 
discharge cathode, and the neutralizer cathode, 
respectively. 

Flow rates were controlled mai.L*ally with precision 
leak valves. Flow rates were measured with digital 
readout mass flow rate transducers which were 
calibrated using volume displacement methods. 


charge chamber propellant efficiency 
same as for mercury. It has been shown that 
for mercury propellant, and a given thruster geo- 
metry (900 series), the doubly to singly charged 
ion current ratio (r) correlates well with the 
measured discharge propellant efficiency over a 
wide range of discharge parameters and propellant 
flow rates. As shown in figure 1, the correlation 
holds for the J-Series thruster which uses ion 
optics having a smaller hole accelerator grid 
(SHAG). The SHAG optics are the primary reason for 
the increase in propellant efficiency obtained at a 
given value of the doubly to singly charged ion 
V urrent ratio. Figure 1 alsa Sijiows the average 
cjuble ion current ratio as. a function of propel- 
lant efficiency for Sovey's'*^^ ring-cusp magnetic 
field ion thruster operated on xenon, krypton, and 
argon. These date show that, to first order, the 
double ion current ratio-propellant efficiency 
correlation is independent of propellant type, for 
a given thruster design. Based on these results, 
the propellant efficiency values measured herein 
with inert gases were used, with the curve from fig- 
ure 1 tor the J-Series thruster, to predict values 
of the doubly to singly charged ion current ratio 
(r) and thrust correction factor (o), where 


a 





( 1 ) 


PROCEDURE 

The thruster was ’’nstalled and the facility was 
pumped out for 24 hours. Each feed line was purged 
with propellant gas. Both cathode discharges were 
started, the flu.: rates were then reduced to oper- 
ating values, and the ion beam was extracted. To 
characterize the discharge chamber performance, the 
flow rates were fixed at the desired values and 
then the discharge power was varied by adjusting 
the reference signal for the current limited dis- 
charge current. The magnetic baffle was varied at 
fixed discharge power. The performance of the ion 
optics was evaluated at fixed flow rate and dis- 
charge power. Finally, neutralizer information was 
obtained at fixed values of beam current. 

Measured Value Corrections 

There are numerous ways to present measured per- 
formance data. The discharge chamber performance 
data presented herein have been corrected to account 
for gas ingestion by assuming a total neutral pro- 
pellant flow rate larger than the measured flow 
rate by an amount proportional to the facility 
pressure (typically 3 to 5 percent). Facility ion- 
ization gage pressure values were corrected for 
different sensitivities, depending on the propellant 
type, according to reference 18. 

The discharge chamber performance presented herein, 
for mercury and inert gas propellants, have not 
been corrected to account for doubly charged ion 
current. The measured values of beam current were 
used to calculate values of discharge power per 
beam ampere and propellant efficiency. However, 
values of total thruster efficiency and specific 
impulse were calculated using measured values of 
thruster parameters and applying correction factors 
for doubly charged ions and non-axial ion traject- 
ories. The thrust correction factor for doubly 
charged ions (a), used herein for inert gases, was 
assumed to be only a function of the measured dis- 


For all data reported herein, triply charged ions 
were assumed to be negligible. Measured values of 
discharge chamber performance presented herein may 
be corrected to allow comparisons with those of 
other thrusters by dividing the discharge power per 
beam ampere and multiplying the propellant effi- 
ciency by the beam ion correction factor (e) where 


The measured perveance of the ion optics was reduced 
by the thrust correction factor for doubly charged 
ions (a) as discussed in reference^^^K For a 
given grid geometry, the correction for non-axial 
ion trajectories has been shown'^^' to be pri- 
marily a function of the ratio of net-to-total ion 
accelerating voltage. Because that ratio was main- 
tained at a near constant value of 0.7, a beam 
divergence thrust correction factor of 0.98 was 
utilized for all calculations. Values of total 
efficiency, presented herein, are only for the 
thruster. Total system efficiency values would 
require inclusion of efficiency factors for thf. 
power processor and cabling as indicated in refer- 
ence 22. 

RESULTS AND DISCUSSIONS 

The test results will be presented in separate 
discussions of discharge initiation, discharge 
chamber performance, ion optics performance, 
neutralizer performance, overall thruster perform- 
ance, and thruster lifetime* The effects of pro- 
pellant type variation will be discussed in each 
subsection. 

Discharge Initiation 

Th^ catnodes and electron emitting inserts were 
J-Series hardware. The normal insert conditioning 
and cathode heating procedures' were Initially 
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used. Open circuit keeper voltages of 350 v were 
used to Ignite the keeper discharges at Inert gas 
propellant flow rates of about 2 equivalent amperes 
(each atom is assumed to be singly charged). The 
main cathode discharge could also be Initiated by 
applying a 3 KV-3 microsecond pulse between the 
keeper electrode and the heated cathode usinq 
approximately 15 eg. amp of propellant. For all 
three inert gas propellants, both cathoje discharges 
could be reliably initiated with unheated cathodes, 
350 V on the keeper electrode5», and very high pro- 
pellant flow rates through the cathodes. The 
neutralizer required about 15 eq. amp while the 
main cathode required about 35 eq. amp. This dif- 
ference was probably dup to the fact that the 
neutralizer orifice diameter is half that of the 
main cathode so that the internal gas pressure is 
higher at a lower propellant flew rate. This latter 
method of cathode starting was usually used to 
expedite testing. Regardless of cathode starting 
technique, the main discharge always starw;2d simul- 
taneously with the cathode discharge initiation. 

The anode open circuit voltage was always 100 volts. 
Main propellant flow rates were always maintained 
at valt.es nearly equal to the desired beam current. 

Discharge Chamber Performance 
As discussed earlier, the discharge chamber per- 
formance reported herein was not corrected for 
doubly charged ion content. Typical maximum $ con- 
nections for xenon, krypton, and argon would be 
about 10, 6, and 2 percent, respectively. 

Mercury - Figure 2 shows the discharge chamber per- 
formance of thruster J-8, tested at LeRC^^^J, for 
three values of beam current and at a constant dis- 
charge voltage (Vq) of 32 volts (acceptance test 
conditions). Thruster acceptance test procedures 
and power processor limitations precluded testing 
at other thar$ near-nominal operating conditions or 
<t those which allow a measurement of the minimum 
d, ‘Charge power per beam ampere (Ej). Thus, the 
shapes of the curves shown in figure 2 were esti- 
mated from previous J-Series-1 ike thruster datav23)^ 
At a constant discharge voltage, the maximum dis- 
charge propellant efficiency (Ny^) increased and 
the minimum Ej decreased as the beam current 
(Jb) was increased. 

The discharge chamber performance and lifetime of 
the J-Series thruster, operated with mercury (Hg) 
propellant, were optimized by using ion optics with 
a small hole accelerator grid and operating the 
discharge at 32 v. The Ei and magnetic baffle 
current (Jmb) ^re adjusted, over the power 
throttle range, to maximize thruster performance 
and stabi 1 ity. 

Xenon - As reported in reference 4, the discharge 
chamber performance with Xenon (Xe) is quite similar 
to that of Hg. To expedite testing with the inert 
gases, the propellant flow rates were fixed and the 
discharge power was varied to produce discharge 
chamber performance data. Thus, the beam current 
and Vq increase with Ny[). Figure 3 sl.ow^ the 
discharge chamber performance for several values of 
main propellant flow rate. The cathode flow rate 
and J|w|B were held constant at 0,147 amp and zero, 
respectively. Calculated values of neutral propel- 
lant, ingested from the facility, are included in 
the main flow rates shown and were typically 3 to 5 
percent of the total flow rate for all 3 inert 
gases. The numbers next to the data points are 


values of Vq- ^^or values of qreater than 
200, N{jn increased as the main flow was increased 
from 1.3 to 4,4 eq, amp. The discharge current 
(Jd)i required for high values of Ei and Nyo 
at 3-4 eq. amp. of main flow^ was In excess of 20 
amp. Because the thruster was thermally designed 
to operate at a maximum Jq of 14 amp., extended 
operation at high values of Jn was limited In the 
amount of data taken and the length of time at any 
given point (approximately 10 min maximum). The 
discharge voltage, beam current, and Nyp all 
increased as the cathode flow rate was reduced at a 
constant value of main flow and Jy. Both the 
trend of Increased performance with decreased 
cathode flow rate and the minimum cathode flow rate 
which permits a stable discharge are similar to 
results obtained with Hg^24)^ ratios of 
minimum cathode to main propellant flow rates are 
between 0.03 and 0.12 for both Hg (figure 2) and Xe 
(figure 3). The magnetic baffle current could be 
increased, at any value of cathode flow, to 
increase Vq, Jy, and Nyo« This implies that 
it may be possible to reduce the baffle diameter 
and use the magnetic baffle current to vary the 
cathode flow rate, as with Hg, to optimize the 
discharge chamber performanci at values of Vy 
consistent with acceptable thruster lifetime. 

Figure 4 shows the effect of Jm 0 and baffle dia- 
meter on discharge chamber performance. The mag- 
netic baffle current was increased from zero to two 
amp at constant flows. At any value of Ej, the 
propellant efficiency and discharge voltage in- 
creased. To avoid high values of Vq, the baffle 
diameter was decrea ed and the cathode flow rate 
was increased. The discharge voltage was reduced, 
but could be increased to 32 or 33 volts by 
increasing J|wjb. The performance was unchanged 
when compared to that with the larger baffle and a 
fixed J|^B oT 2 amps, even though Vq was lower 
by 4 or 5 volts. The main conclusion of figure 4 
is that the behavior and performance of the J- Series 
discharge chamber operated with Xe are nearly 
identical to those with Hg. It is likely that the 
relatively large values of electron impact ioniza- 
tion cross sections (both total and multiply 
charged) for Xenon offset any performance degrada- 
tion relative to Hg due to its lighter atomic mass. 
The values of total and doubly charged ionization 
cross sections, for the test gases and in the energy 
range of interest (30 to 50 eV), increase with 
increasing atomic mass, except for those of Xenon 
which are greater than those of Hg by about 10 and 
50 to 170 percent, respectively. 

Krypton - Krypton (Kr) was used in the thruster for 
tests only with the smaller 4.1 cm diameter baffle. 
The discharge chamber performance for several values 
of cathode and main flow rates and no active mag- 
netic baffle is shown in figure 5. Values of Nqq 
of about 0.87 (or 0.04 less than with Xe) were 
obtained with Ej of 180 w/amp. Minimum values of 
Ej are similar to those of Xe and Hg. 

Figure 6 shows the effect of cathode flow rate and 
Jmb or\ N(jq and Vq. J^b was varied from 0 
to 5 amp in 1 amp steps. Again, the numbers by the 
data points are values of Vq. At higher values 
of cathode flow rate Vq and Nqq increased, as 
expected, as Jmb increased. As the cathode 
flow rate was reduced, for constant values of 
Vq increased yielding more efficient generation 
of ions and a Nqq increase. When compared to Xe 
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(figure 4) the maximum values of Nyn obtained for 
Kr are about 8 percent lower than chose for Xe In 
spite of the fact that the values of Vq for Kr 
are 10 to 20 volts greater than those of Xe. The 
reduced values of Nijn are prooably due to the 
combined effects of the reduced ionization cross 
sections of Kr and the lighter mass of Kr and 
relatively short length of the thruster which yiel 
shorter neutral atom residence times. The length 
of the thruster used in reference 13 is about 8 cm 
longer than that of J8 which probaoly contributes 
to the ability of that thruster to achieve higher 
values of Nyp at lover values of Vq with Xe, 

Kr, and argon. It is also noted from figures 5 and 
6 that the range of the ratio of cathode to main 
flow rate is 0.10 to 0.20 for Kr as compared to .03 
to 0.12 for Hg and Xe. Cathode modifications, which 
would allow lower cathode flow rates, might lead to 
improved thruster performance as with Hg and Xe. 

Also shown in figure 6 is the variation of Vy and 
Nyy for a higher value of Jq at the lowest value 
of cathode flow rate. As was increased, from 
zero to two amp, Vq initially decreased with a 
corresponding reduction of £j and Nyy. A fur- 
ther increase in JfyjB, from 2 to 4 amp, resulted 
in increases in Vq, £j, and Nyy. Thus, there 
appears to be performance advantages of using values 
of Jmb two amp. As with Xe, the best per- 

formance obtained was with the use of the magnetic 
baffle. 

Argon - The discharge chamber performance using 
argon (Ar) is shown, in figure 7, for a variety of 
main and cathode propellant flow rates. The minimum 
values of Vq are about 6 volts greater than those 
for Kr. The data points are with set equal 
to zero. The performance is seen to improve, as 
with the other propellants, as the cathode to main 
flow rate ratio was decreased. Without 
maximum Nyy is about 0.7 and the minimum £j is 
about 170. The minimum flow ratio was about 0.44 
which was about 4 times greater than Kr and U times 
greater than Hg. Perhaps thruster performance would 
improve with cathode modifications which would 
permit low cathode flow rates at low values of Vq. 

As with Xe, there was little difference in perform- 
ance for operation with two different baffle sizes. 
Figure 7 also shows the performance, for a range of 
main flows at constant cathode flow, as 
varied from 0 to 5 amp. All of the data fell in a 
band in which Vq increased from about 40 to 48 
volts as Nijq increased from 0.55 to 0.77 at a 
near constant £j value of 160 watt per beam 
ampere. At comparable values of £j, the Nyy 
for Ar is about 0.16 less than that for Xe. Again, 
the discharge current was limited by thermal and 
wire insulation considerations to values under 30 
amp thereby limiting values of Nqq and . £j vo 
those shown. In general, as increased, 

Vq also Increased, which led to increases in Nqq 
at near constant E|. At low values of J(^g the 
discharge was less stable and prone to abrupt 
changes in Vq at constant flow rates and Jq. 
Reference 19 has shown tt*at with Hg propellant the 
onset of discharge instabilities was related to the 
magnitude and direction of the magnetic field near 
the cathode orifice. Other inert gas thrusters 
(references 2, 3. 10, .12, and 13) with different 
discharge chamber magnetic field geometries, have 
found it beneficial to use permanent magnets to 
adjust the magnitude and direction of the field in 
the vicinity of the cathode. Thus, modifications 


in the cathode ^ole piece region may allow stable 
operation at lo.^er values of Vq and cathode flow 
rate. 

Ion Optics Performance - The perveance of the ion 
optics was evaluated for the three inert gas pro- 
pellants and compared to that of Hg. Values of 
beam current and minimum total accelerating voltage 
were varied from 0.785 to 6.4 amp. and 0,73 to 1.56 
Kilovolt, respectively. Figure 8 shows the product 
of the Jb. a* and the square root of the propel- 
lant atomic mass (M) plotted as a function of the 
minimum total accelerating voltage (Vj). Over 
the range of values tested, the beam current was 
found to satisfy equation 3: 

Jg O VH = 17.5 * 25 percent (3) 

where Jg is in amps, M is in a.m.u., and Vj is 
in kilovolts. The results for Hg and Ar fell 
toward the lower end of range of data while those 
of Xe and Kr gave above average values of the beam 
current parameter. The spread of the data was 
reduced by correcting for multiply charged ions. 

The smallest correction factor used was 0.973 for 
Xe. The cause of the remaining data spread is not 
known, but may be experimental or partially due to 
larger fractions of multiply charged ions than have 
been assumed. The faster than classical increase 
of Jb with Vj is likely to be caused by devia- 
tions from Child's law, such as variation of the 
ion accelerating distance, variations in the loca- 
tion of the current limiting regions of the grids, 
and non-zero initial ion velocities. In the range 
of interest (Vj = 1.0 to 1.5 kilovolts) the values 
of Jg obtained from this expression are about 25 
percent higher than those. calculated from the 
expression given by Sovey'*^^. This is probably 
due to the closer, more uniform inter-electrode 
spacing of the J-Series grids used herein. 

Nettralizer Performance 

The open keeper design of the J- Series neutralizer 
allows efficient operation with Hg propellant, but 
will require major modifications for efficient 
operation with inert gases. As with the main 
cathode, the minimum neutralizer flow rate in- 
creases with decreasing gas atomic mass. With the 
exception of the value of flow rate, the neutralizer 
performance was similar to that of Hg. Figure 9 
shows how the neutralizer keeper voltage (V^^) 

(with respect to neutralizer common) and thruster 
floating voltage (VQ)(neutralizer common with 
respect to ground) varied with neutralizer flow 
rate for the four gases tested. In all cases, 
increased as the flow rate was reduced. The mini- 
mum values of were 2-4 v. greater for inert 
gases than for Hg which might be due to the in- 
creaseo radial position of the neutralizer cathode. 
The major differences in performance were the very 
large increases in minimum neutralizer flow rate as 
the atomic mass was decreased. It should be noted 
that the magnitude of Vg did not increase with 
decreasing flow rate as with Hg indicating that the 
neturalizer to beam coupling was not limited at the 
minimum flow rates as the neutralizer to keeper 
coupling indicated. As with Hg, there were second- 
ary effects on and Vq as Jg or the neu- 
tralizer keeper current TJ^k) increased. In 

either case, the minimum flow rate decreased 
slightly prior to the rapid rise in Vf^^, Values 
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of Vq were unaffected. At a fixed neutralizer 
flow rate, V|^k decreased when Jg was increased. 

This effect was probably due to an increase in 
cathode temperature. The increased whenever 
was Increased. Recently, work by others 
using enclosed keeper designs (references 10 and 
12), have indicated lower required neutralizer flow 
rates with inert gases than have been presented 
here. However, their designs, using argon, still 
impose a rather severe penalty on total efficiency 
when compared to neutralizer performance with Hg. 
Perhaps the neutralizer could use a different gas 
than the thruster or a thrust system using inert 
gas could benefit from a spacecraft or system 
neutralizer rather than individual thruster neu- 
tralizers. 

Overall Thruster Performance 
The overall thruster performance of J8, based on 
some selected data points using Hg and inert gases, 
is presented in Tables I-V. Performance values of 
a J-Series-like thruster, beyond those values of the 
J-Series acceptance test, were obtained from refer- 
ence 26 and are presented in Table II. Tables III, 
IV, and V contain performance results for Xe, Kr, 
and Ar, respectively. The correction factors for 
doubly charged ions and beam divergence were dis- 
cussed earlier. Total propellant flow rates are 
those values measured and corrected for background 
gas ingestion with the exception of the inert gas 
neutralizer flow rate which was assumeo to be 0.1 
eq. amp. or approximately 3 times that for Hg. 

Valuf^s of total input power are those measured with 
the exception of the inert gas neutralizer, for 
which an assumed value of 40 watts was used. The 
Tables show that values of thrust of about 0.2N 
were obtained, with inert gases, at values of input 
power from 5 to 9 kw. As expected, the power re- 
quired for a given thrust increased as the propel- 
lant atomic mass decreased. 

Figure 10 shows the thruster efficiency as a func- 
tion of specific impulse normalized by a and the 
square root of the atomic mass. The efficiency 
varied nearly linearly from 0.49 to 0.75 as the 
normalized specific impulse was increased nearly a 
factor of two. The cause of linearity is that the 
thruster was operated at near constant values of 
beam voltage and Ej. The major reason for 
increasing efficiency is the increase of Nuo with 
increasing M and beam current. Assuming an effi- 
cient neutralizer, the overall thruster efficiency 
increased from a range of 0.5 to 0.6 for argon, to 
approximately 0.7 for krypton, 0.73 for xenon, and 
about 0.75 for high power operation with mercury. 

The only way to greatly increase the thruster effi- 
ciency at a given value of the specific impulse 
parameter is to operate at lower values of Ej, 

Thruster Lifetime 

The life limiting phenomenon of the 30 cm dia. Hg 
thruster has been identifieo as erosion of dis- 
charge chamber components, specifically the screen 
grid, due to sputtering by ions from the discharge 
plasma (reference 27). Models, which predict the 
erosion rates of discharge chamber components as 
functions of Jg. propellant type, target type, 
density, and sputter yield, and the ratio of doubly 
to singly charged ions, were presented in references 
27 and 28. Assuming that the conditions of the 
u-5eries Hg thruster (Jg ■ 2 amp and Vq * 32 volts) 
will give 15 000 hours lifetime, comparisons may be 


made for operation with other gases in the same 
thruster as functions of discharge chamber para- 
meters. First, it will be assumed, as discussed 
earlier, that the doubly to singly charged ion cur- 
rent ratio is only a function of the measured 
and independent of propellant type. For Hg, the 
nominal operating point gives a doubly charged cur- 
rent ratio of 0.153 at a Nyp of 0.975. Assuming 
that the same thrust per thruster is required, the 
Jp for Xe, Kr, and Ar would scale inversely with 
the square root of the atomic mass to be about 2.5, 
3.1, and 4.5 amp, respectively, if the beam voltage 
remained constant. From data taken with J8 values 
of Npn, for several values of Vq, were used 
with figure 1 to obtain ratios of do- *'ly to singly 
charged ion current for each of the V'ree inert 
gases. The average screen grid erosion rate for an 
inert gas, relative to that of Hg, was calculated 
from equation 4: 


^gas 

% 






in* r) 


0.626 X 10' 




- 2y.)] 


( 4 ) 


where F is proportional to the sputtering rate of 
the screen grid, Jgg is the beam current of the 
gas in amperes, y+ is the sputter yield of moly- 
bdenum in atoms per incident gas ion at energy 
eVj, y++ is the yield for a doubly charged ion 
with energy 2 eVp, and r is the doubly to singly 
charged ion current ratio. The denominator of 
equation 4 was evaluated for a mercury ion beam 
current of two amperes, values of 2 x 10”^ and 
2.5 X 10’^ for the sputter yields due to singly 
and doubly charged mercury ions, incident on moly- 
bdenum, with energies of 32 and 64 electron volts, 
respecti vely, ind a doubly to singly charged ion 
current ratio of For ions incident on tung- 

sten it was found^^^/ that the sputter yields for 
Xe, Kr, and Ar ions are approximately 2, 3, and 4 
times that of Hg ions at a given energy up to about 
100 eV. The sputter yeilds for Hg ions on 
molybdenum were taken from reference 30 and assumed 
to increase for inert gases by the same factors 
given above for tunosten. While the absolute values 
of ion energies and putter yields may be uncertain 
the trends obtained form the use of equation 4 
should be useful. The calculated values of screen 
grid erosion rate for inert gases relative to those 
for Hg are shown in figure 11 and approach unity 
only for xjnon. Although the values of r for the 
gases are lower than those of Hg, they are offset 
by the increased vOues of Jg and the increased 
values of y. These results would also be expected 
for the relative sputter erosion of other discharge 
chamber components. 


For conventional thrusters, operated on inert gases, 
to have lifetimes equivalent to those with Hg, 
values of Vq equal to or less than those with Hg 
are required. Another possible way of reducing 
erosion would be to operate components or the 
entire discharge chamber above cathode potential to 
reduce the energy of ions incident on discharge 
chamber surfaces'^^K Other thruster designs'^^^ 
may be required to allow operation at reduced dis- 
charge voltage or with flatter beam current profiles 
than are possible with a J-series thruster. 

Upon post-test inspection of J8, it was observed 
that some of tne wiring insulation was melted, 
indicating the thruster had been heated beyond the 
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design point* Values of thruster discharge power 
used with inert gases were nearly three times the 
maximum used with Hg in J8. Mire size and location 
as well as insulation type will require re- 
evaluation for higher power operation. 

CONCLUDING REMARKS 

The J-Series 30 cm diameter ion thruster, developed 
for operation up to 3 kw with mercury propellant, 
was operated with xenon, krypton, and argon. The 
results were compared with those of mercury and 
modifications required to provide operation a high 
power with inert gases were identified. 

Cathode discharges could be initiated with hot or 
cold cathodes at high propellant flow rates with 
normal keeper and anode voltages. The minimum 
values of discharge power per beam ampere were 
nearly the same for all propellants at about 160 
watts per ampere. The propellant efficiency and 
discharge voltage for mercury and xenon were nearly 
identical a3 expected from past reported results. 

At comparable values of discharge power per beam 
ampere, the propellant efficiency for krypton and 
arg'.»n were less than that of xenon by about 0.04 
ano 0.16, respectively. An increase in discharge 
chamber length would lead to higher values of pro- 
pellant efficiency for the lighter gases, although 
some increase in ion production energy costs would 
probably occur. 

The trend of Increased performance at the minimum 
cathode flow rate that permits a stable discharge, 
which was observed for Hg, also existed for opera- 
tion with Xe. However, for operation with Kr and 
Ar, the discharge voltage increased rapidly when 
attempts were made to reduce the cathode flow rate 
to levels achieved with Hg and Xe. Overall, the 
minimum cathode flow rate Increased with decreasing 
gas atomic mass. The use of the magnetic baffle 
usually caused an increase in discharge voltage and 
propellant efficiency, often at near constant dis- 
charge losses. 

For nearly a factor of 9 variation in beam current, 
the product of the beam current, the correction 
factor fcr doubly charged ion current (a), and the 
square root of the propellant atomic mass was found 
to be proportional to the 2.2 power of the total 
ion accelerating voltage. 

Neutralizer performance curves with inert gases 
were similar to that of mercury, except that with 
inert gases the minimum neutralizer flow rate, 
re^jired to maintain reasonable values of neutral- 
izer keeper voltage, increased as the propellant 
atomic mass decreased. Neutralizer design modifi- 
cations, possibly an enclosed keeper, will be 
required to avoid large propellant penalties. 

The nominal 3 kw thruster was operated with input 
powers up to 9 kw. With an efficient neutralizer 
assumed, the overall thruster efficiency increased 
f»-om a range of 0.5 to 0.6 for argon, to approxi- 
mately 0.7 for krypton, 0,73 for xenon, and about 
0,75 for high power operation with mercury. 

Screen grid erosion rates, due to sputtering by 
discha:-ge plasma ions, for inert gases relative to 
those for Hg, were estimated and found to be several 
times greater for Xe and Kr, and very much higher 
for Ar. A major cause of expected increased erosion 


was the fact that minimum values of discharge volt- 
age, and refractory metal sputter yields, tended to 
Increase with decreasing atomic mass. A secondary 
effect which lowered the erosion rates was the de- 
crease in doubly charged ion jcontent with decreasing 
atomic mass. This was partial ’y offset by the need 
for Increased beam current to maintain constant 
thrust at constant beam voltage. For conventional 
thrusters, operated on inert gasef, to h^ve life- 
times equivalent to those with Hg reductions de- 
creases in the energy of Incident ions or flatter 
beam profiles will be required. 

Operation at higher beam current required higher 
discharge po^er. Thus, the thruster ran hotter and 
caused some wiring insulation melting. Thermal 
analyses and some redesign would be required for 
reliable operation at high power. 

Overall, the J-Series thruster can be operated with 
inert gases and have high discharge chamber per- 
formance. Some modifications will be required to 
avoid large penalties due to high neutralizer pro- 
pellant flow rates and to shortened thruster life- 
times from expected increased discharge chamber 
component erosion, especially as the gas atomic 
mass decreases. 
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TABLE I. - THRUSTER PERFORMANCE MERCURY PROPELLANT (REF. 17) 


Beam 

voltage. 

V 

Beam 

current, 

A 

Discharge 

voltage, 

V 

Discharge 
power per 
beam 
ampere, 
U/A 

Measured 

propellant 

efficiency 


Thruster 

input 

power, 

U 

Thrust, 

N 

Specific 

impulse, 

sec 

Thruster 

efficiency 

1100 

2.00 

32 

192 

0.960 

0.933 

2650 

Esn 

MM 

0.694 

820 

1.30 

32 

209 

.899 

.943 

1400 

msM 


.612 

600 

0.75 

32 

246 

.831 

.946 



694 

.0354 

MM 

.485 


TABLE II. - THRUSTER PERFORMANCE MERCURY PROPELLANT (REF. 26) 


Beam 

voltage, 

V 

Beam 

current, 

A 

Discharge 

voltage, 

V 

Discharge 
power per 
beam 
ampere, 
W/A 

Measured 

propellant 

efficiency 


Thruster 

Input 

power, 

W 

Thrust, 

N 

Specific 

impulse, 

sec 

Thruster 

efficiency 

1100 

2.0 

32 

194 

0.920 

0.960 

2660 

0.130 

2940 

0.705 

1300 

3.0 

28 

224 

.920 

.971 

4650 

.213 


.728 

1450 

4.0 

28 

220 

.958 

.952 

6770 

.294 

3460 

.743 

1570 

5.0 

28 

232 

1.04 

.927 

9910 

.374 

3830 

.767 



TABLE 

III. - THRUSTER PERFORMANCE XENON PROPELLANT 



Beam 

Beam 

Discharge 

Discharge 

Measured 

Thrust 

Thruster 



Thruster 

voltage. 

current. 

voltage. 

power per 

propellant 

loss 

Input 



efficiency 

V 

A 

V 

beam 

efficiency 

factor 

power, 







ampere. 



W 







W/A 







1020 

1.35 

38.4 

209 

0.875 

0.954 

1710 

0.069 

3290 

0.646 

1030 

1.44 

45.2 

228 

.933 

.941 

1850 

.072 

3480 

.662 

1110 

2.55 

36.1 

158 

.905 

.954 

3280 

.134 

3560 

.716 

1110 

2.69 

38.1 

166 

.954 

.943 

3490 

.140 

3710 

.734 

1110 

2.87 

42.9 

190 

1.019 

.916 

3790 

.145 

3850 

.727 

1200 

3.75 

27.9 

177 

.915 

.954 

5210 

.204 

3740 

.724 

1200 

3.88 

28.7 

190 

.947 

.947 

5440 

.210 

3840 

.731 

1200 

4.06 

31.2 

196 

.991 

.934 

5730 

.217 

3970 

74J 

1200 

4.16 

33.5 

205 

1.016 

.923 

5920 

.220 

4030 

.738 


Assumes neutralizer flow rate of 0.1 eq. amp. 
‘^Assumes neutralizer power of 40 watts 
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TABLE IV. - THRUSTER PERFORMANCE KRYPTON PROPELLANT 


Beam 

voltage, 

V 

Beam 

current, 

A 

Discharge 

voltage, 

V 

Discharge 
power per 
beam 
ampere, 
W/A 

Measured 

propellant 

efficiency 

Thrust 

loss 

factor 

Thruster 

Input 

power, 

W 

Thrust, 

N 

Specific 

iri4)u1se, 

sec 

Thruster 

efficiency 

1210 

2.61 

42.8 

141 

0.834 

0.965 

3570 

0.115 

4330 

0.684 

1210 

2.72 

46.4 

145 

.868 

.960 

3740 

.120 

4490 

.706 

1210 

2.78 

49.4 

150 

.888 

.957 

3840 

.122 

4580 

.714 

1210 

2.79 

44.3 

162 

.891 

.956 

3880 

.12? 

4590 

.708 

1210 

2.84 

46.6 

178 

.906 

.954 

4000 

.124 

4660 

.708 

1220 

2.91 

50.5 

187 

.926 

.951 

4130 

.127 

4750 

.716 

1150 

3.91 

40.5 

203 

.895 

.957 

5330 

.167 

4490 

.690 

1150 

4.02 

43.7 

212 

.920 

.953 

5530 

.171 

4600 

.699 

1150 

4.16 

48.1 

224 

.953 

.946 

5780 

.176 

4740 

.708 

1280 

4.78 

35.6 

181 

.853 

.965 

6300 

.204 

4280 

.679 

1130 

4.96 

37.3 

182 

.886 

.960 

6550 

.211 

4420 

.699 

1130 

5.25 

41.1 

187 

.938 

.951 

6980 

.211 

4650 

! .722 

1140 

5.47 

1 

45.4 

196 

i 

.977 

.941 

7340 

.229 

4800 

.734 


^Assumes neutralizer flow rate of 0.1 eq. amp. 
^Assumes neutralizer power of 40 watts 


TABLE V. - THRUSTER PERFORMANCE ARGON PROPELLANT 


Beam 

voltage, 

V 

Beam 

current, 

A 

Discharge 

voltage, 

V 

Discharge 
power per 
beam 
ampere, 
W/A 

Measured 

propellant 

efficiency 

Thrust 

loss 

factor 

Thruster 

Input 

power, 

W 

Thrust, 

N 

Specific 

Impulse, 

sec 

Thruster 

efficiency 

1230 

3.11 

47 

166 

0.608 

0.975 

4400 

0.098 

4680 

0.508 

1230 

3.47 

47 

184 

.678 

.976 

4970 

.108 

5200 

.554 

1230 

3.59 

46 

203 

.701 

.975 

5200 

.112 

5370 

.567 

1230 

3.64 

47 

238 

.711 

.935 

5400 

.lOS 

5220 

.517 

1060 

3.20 

47 

188 

.692 

.976 

4040 

.093 

4920 

.553 

1260 

3.43 

41 

182 

.542 

.980 

5000 

.109 

4220 

.451 

1390 

4.76 

45 

223 

.673 

.976 

6920 

.141 

5480 

.549 

1380 

4.70 

47 

154 

.687 

.975 

7260 

.155 

5570 

.583 

1380 

4.97 

47 

160 

.726 

.974 

7710 

.164 

5880 

.613 

1380 

5.15 

46 

149 

.641 

.978 

7940 

.171 

5210 

.551 

1380 

5.36 

45 

160 

*658 

.976 

8320 

.177 

5420 

.566 

1380 

5.92 

49 

145 

.681 

.975 

8980 

.194 

5550 

.588 


^Assumes neutralizer flow rate of 0.1 eq.amp. 
^Assumes neutralizer power of 40 watts 
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MEASURED DISCHARGE PROPaiANT EFFICIENCY 

Figure 1. * Doubly to singly charged Ion current ratios as functions 
of measured discharge propellant efficiencies. 



MEASURED DISCHARGE PROPaUNT EFFICIENCY 

Figure 2 . - Discharge perturmace for thruster J8 operated with mer- 
cury propellant (discharge voltage of 3? V) 


ORIQINAL PAGE 13 
OF POOR QUAUTY 



Figure 3. - Discheige perfo 'imnce for thruster A opented wHh 
xenon (cathode flow rate of 0. 147 eg A, no magnetic baffle current!. 



Figure 4. * Discharge performance for thruster A operated with xenon 
and physical and ragnetlc baffle current variations. 
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MEASURED DISCHARGE PROPEUANT EFFICIENCY 

Figure 5. ■ Dischargt piiformnce for Ihrustor A onontod with kry^ 
ton (baffli (til. of A, 1 cm ind no nagnotlc bofflt current). 


CATHODE FLOW DISCHARGE 
Z RATE EQ A CURRENT. A 
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MEASURED DISCHARGE PROPELLANT EFFICIENCY 


Figure 6. - Dischatgo parformanca for Girustar A opareted with ki>o- 
ton (main flow rata of 2. 67 aq A and magnetic baffla currant Mriad 
from zaro to fiva A). 
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BEAM CURRENT PARAMETER, JB O^S, A DISCHARGE PUMIR PER BEAM AMPERE W/A 
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MEASURED DISCHARGE PROPELLANT EFFICIENCY 

Figure 7. - Dischaigc pettormancc of thruster A opented with argon 
and physicai and magnetic baffle current variations. 



Figure 8. - Beam current parameter as a function of minimum 
total accelerating voltage. 
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Figure 9. * Performance of the J series neutralizer for Mrious propeiiants and values of beam currant and kaep- 
er current 
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SPECIFIC IMPULSE PARAMETER, Isp aM, s«cxl0‘^ DISCHARGE VOLTAGE, V 

Figure 10. - Thruster eff icienqr as a function the specific impulse Figure IL * Calculatod screen grid erosion rites for inert gas propelH 

parameter for various prepellarits. Assumed neutralizer flow rate ant relative to those with mercury as a function of discharge voltage 

of 0. 1 eg A and neutralizer fixed losses of 40 W. tconstant thrust). 


